Introduction
The oxygen reduction reaction (ORR) is a crucial reaction in numerous applications including fuel cells [1 À 3] and metalÀair batteries. [4, 5] Platinum is one of the most efficient electrocatalysts for ORR. [6 À 10] However, its high cost, scarcity, and tendency of the surface to poison, constrain its applications. This triggers the interest of researchers to develop alternative electrocatalysts for ORR including carbon-based materials such as carbon nanotubes, [11, 12] graphene, [13 À 15] and transition metal compounds such as cobalt, [16, 17] iron, [18 À 21] and copper. [22, 23] Cu is a highly abundant element in earth's crust and it is used in a wide range of areas such as host À guest systems, [24 À 29] catalysis, [30 À 34] magnetism, [35 À 39] biological systems, [40 À 44] and electrochemistry. [45 À 47] Cu can also be found in enzymes participating in several reactions. Bio-inspired copper catalysts [48, 49] and Cu À based enzymes have been reported to be active catalysts in ORR such as ascorbate oxidase, [50] bilirubin oxidase, [51 À 54] and laccase [55 À 59] etc. The use of such enzymes for the practical systems is however, not possible due to the requirement of very limiting operating conditions such as neutral pH, narrow temperature range, and etc. Interestingly, ORR mechanism and potential are different for each biomolecule participating in the process even though they contain copper as the active site reducing the oxygen. This suggests that the ligands attached to Cu have a vital role in the ORR mechanism. During the adsorption and dissociation of O 2 molecules, Cu is significantly affected by the ligands attached to it. A 1D coordination polymer incorporating copper paddlewheel units has recently been investigated as an active electrocatalyst for water oxidation. [60] The previous study shows that copper sites in the paddle-wheel unit can activate water to form O 2 . Given the microscopic reversibility of ORR and OER mechanisms, the electrocatalytic activity of copper paddlewheel unit in ORR has been investigated in this work. The previously reported 1D coordination polymer together with a new derivative have been used in the study to investigate the effect of surrounding bridging ligands to the catalytic activity and stability of copper systems.
Result and discussion

Crystal Structure
Copper acetate was reacted with phosphine ligands in methanol/dichloromethane mixture in peroxide media, which results in the formation of dark blue crystals of [Cu-A] and [Cu-B] . The structure of [Cu-A] was already described in our previously reported work. [60] The crystal structure of the new copper catalyst, [Cu-B] was successfully solved in the monoclinic space group, P121/n1. Crystallographic data and structural refinement parameters for the compound are given in (Table S1 ). 1D chain of both compounds consists of independ- Table S2 . All the M À O distances are within the normal ranges allowing for statistical errors. [61, 62] In order to examine the thermal stability and bulk purity of the both coordination polymers [Cu À A] and [Cu À B] we have done thermogravimetric analyses (TGA) and powder X-ray diffraction patterns (PXRD). The details of these analyses are given in experimental section (supporting information). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 56 57 In order to confirm the effect of different ligands attached to Cu centre, kinetics of ORR was examined using RDE. LSVs of PtC/GC ( Figure 3A) , MWCNT/GC ( Figure 3C ), [Cu-A], ( Figure 3E) and [Cu-B] ( Figure 3G ) were obtained at various rotation speeds from 100 to 900 rpm with a scan rate of 10 mV s À 1 . Koutecky-Levich plots(K À L plot) were shown in (Figure 3 B, D, F and H), using the Koutecky-Levich Equation 1;
Electrochemical measurements
where B = 0.62nFCD
v -1/6 , j k is the kinetic current density, j is the measured current density, j L is the Levich current density, n is the number of electrons transferred per oxygen molecule, F is the Faraday constant i. e. 96,485 C mol ). Assuming a four-electron reaction and the known geometric electrode surface area, the theoretical slope B is 2.5 cm 2 rad 1/2 mA À 1 s
Based on the slope of the straight line from K-L plot, the number of electrons involved in the ORR were estimated to be 2.37 and 3.24 in the examined range of potential (0.4 to 0.8 V) for [Cu-B] and [Cu-A], respectively. It has been reported that the number of electrons can be affected due to loading density of catalyst. [63] Although, loading densities for both the catalysts (i. e. ca. 450 mg cm -1 ) were well-above the limit to obtain fourelectrons ORR (i. e. 200 mg cm -1 ), lower number of electrons involved in the ORR is proposed due to an effect of different ligands attached to Cu active sites which results in to the different ORR pathways. Figure S11 (A), (B), (C), and (D) was used to estimate Tafel slope and kinetic current density was determined from Equation 2:
It has been assigned that the two slopes at low current density (LCD) and high current density ( (Table 1) .
Based on the number electrons involved in the ORR, Tafel slopes and kinetic currents at the [Cu-A], two pathways of ORR mechanism can be predicted i. e. parallel (k 1 = k 2 and k 3 = 0) and serial (k 2 = 2 3 k 3 and k 1 = 0) pathways shown in Scheme 1. [64] However, these parameters estimated for the [Cu-B] demonstrates that the ORR probably follows the serial pathway (k 2 = k 3 and k 1 = 0) favourably with ca. 2 electron process.
The real surface coverage of electrocatalytically active catalyst (G) is estimated (Table 1 ) from the CVs measured at scan rates (v) from 5 to 100 mV s -1 (data used from the Figure S7 , S9). Equation 3 is used to estimate the G: [65] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56 57
where the amount of charge (Q) is calculated by the integration of area under the cathodic peak current for the reduction of Cu 2 + to Cu 0 (corrected for the background current). Herein this relationship, n is the number of electrons involved in the redox reaction (n = 2 for this process), F is the Faraday constant, and A is the geometric electrode area (0.07068 cm 2 ). The G for [Cu-B] and [Cu-A] are 5.5 and 11.03, respectively. The Nicholson and Shain plot shows linearity with I vs. square root indicating the process is diffusion controlled at both catalysts ( Figure S8 , S10).
Along with the catalytic activity, stability is equally important for their practical applications. Thus, the stabilities of these catalysts were assessed by CV in the potential window of 0.1 to 1.1 V vs. RHE for consecutive 100 cycles under the N 2 saturated atmosphere. Figures S12 and S13 clearly demonstrate that [Cu-A] is more stable than the [Cu-B]. These results noticeably reveal that stability is drastically affected by the ligands. Further studies are going on to enhance its stability and to analyse an effect of other ligands on the Cu catalytic activity and their stabilities.
In the literature, examples of mononuclear and binuclear copper complex catalysts can be found for ORR, while the latter exhibits higher catalytic activity. [66] In the present study both which is expected to follow through the paddle-wheel mechanism as proposed earlier. [60] Cu distances and O-Cu-O bond angles. The study herein implies that such small changes in the coordination environment of the active metal site, which is originated from the type of bridging unit, could lead to significant changes in the catalytic activity. This study demonstrates the possibility of tuning the ligands attached to Cu centre further can provide us catalysts that can replace platinum in future.
Supporting information
Detailed experimental, crystal structure and their characterization i. e. TGA, XRD, FTIR electrochemical measurements and stability are summarized in the supporting information.
